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Abstract: Low-grade magnesium oxide (LG-MgO) was proposed as ordinary Portland cement 
(OPC) or lime substitute (CaO) for metal(loid)s remediation in contaminated soils. Some 
metal(loid)s precipitate at pH ≈ 9 in insoluble hydroxide form thus avoiding their leaching. LG-MgO 
avoids the re-dissolution of certain metal(loid)s at 9.0 < pH < 11.0 (pH-dependents), whose solubility 
depends on the pH. A highly contaminated soil with heavy metal(loid)s was stabilized using 
different LG-MgO by-products sources as stabilizing agents. Two of the three studied LG-MgOs 
were selected for the stabilization, by mixing 5, 10, and 15 wt.%. The effect of using LG-MgO not 
only depends on the size of the particles, but also on those impurities that are present in the LG-
MgO samples. Particle size distribution, X-ray fluorescence (XRF), X-ray diffraction (XRD), 
thermogravimetric analysis, citric acid test, specific surface, bulk density, acid neutralization 
capacity, batch leaching tests (BLTs), and percolation column tests (PCTs) were techniques used to 
deeply characterize the different LG-MgO and the contaminated and remediated soils. The 
remediation’s results efficacy indicated that when the medium pH was between 9.0 and 11.0, the 
concentration of pH-dependent metal(loid)s decreases significantly. Although around 15 wt.% of a 
stabilizing agent was appropriate for the soil remediation to ensure an alkali reservoir that 
maintains optimal stabilization conditions for a long period, 5 wt.% of LG-MgO was enough to 
remedy the contaminated soil. When evaluating a polluted and decontaminated soil, both BLTs and 
PCTs should be complementary procedures. 
Keywords: polluted soil; LG-MgO; soil stabilization; magnesium oxide by-products; percolation 
column test; batch leaching test; waste valorization 
 
1. Introduction 
The incidence and availability of heavy metals and metalloids in soils is the main issue affecting 
environmental health, crop and livestock production, food and water quality, and eco-toxicology [1]. 
The concentrations of metal(loid)s in soils can differ extensively in non-contaminated and 
contaminated soils. Concerning contaminated soils, the contamination of metal(loid)s can produce 
toxicity, although it would depend on the factors which affect the bioavailability of the elements. 
According to their solubility, the leaching of heavy metals and metalloids to natural currents of 
groundwater, rivers, and the sea is an important environmental issue. There are several mechanisms 
that allow metal(loid)s to move around and leave a soil such as leaching, which occurs when the 
water seeps through the soil. The pH of natural rainfall is between 5.5 and 5.6 due to its interaction 
with CO2 present in the atmosphere [2]. Depending on the type of the soil and its characteristics, the 
leaching of metal(loid)s can be considerable [3]. The two ways for remediation of metal(loid)-
contaminated soils are the oxidation states modification of the metal(loid)s (changing their chemical 
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composition) and the elimination or extraction of the metal(loid)s from the soils [4]. Therefore, the 
mobilizing and the immobilizing techniques are the two categories for the metal(loid)s’ remediation 
contained in contaminated soils [5]. While the former focuses on the intensive extraction of 
metal(loid)s in processing plants, the immobilizing techniques stabilize heavy metal(loid)s through 
adsorption, complexation, or precipitation reactions, avoiding the leaching phenomenon [6]. The 
immobilizing techniques are usually cheaper than the mobilizing ones, which are often very 
expensive in terms of energy and economy [7]. One of the immobilization conditions is referred to as 
the monitorization of the immobilized heavy metal(loid)s’ long-term stability [7,8]. The 
immobilization mechanisms include precipitation, chemical adsorption and ion exchange, surface 
precipitation, the formation of stable complexes with organic ligands, and redox reaction [9]. 
Immobilization technologies can be performed ex situ or in situ. Although in-situ processes depend 
on specific site conditions, they are preferred because of the lower energy requirements. 
Several authors have investigated the remediation of Cu, Zn [10], Cd, and Pb [11–17] in 
environmental samples, all of them referred to as pH-dependent metals. Furthermore, the most cost-
effective and capable option for contaminated soils with metal(loid)s is the stabilization/solidification 
treatment processes by means of adding chemical additives to the soil [18]. In this kind of remediation 
process, the neo-formed compounds cannot be dissolved easily in water, neither spread in water 
media to pollute streams or other groundwater. On the other hand, it is known that in an alkaline 
medium the Pb and other pH-dependent metal(loid)s generate their corresponding hydroxides, 
which show their minimum solubility within the pH range of 9–11 [19–22] and, consequently, their 
mobility decreases. Below and above this pH range, these pH-dependent metal(loid)s are re-
dissolved and can be released into aqueous media. 
It is well-known that the application of ordinary Portland cement (OPC) or lime (CaO) increase 
the soil pH and decrease metal availability [23,24]. Nevertheless, in accordance with its solubility 
reaction equilibrium, magnesium (hydr)oxide is a proper chemical stabilizer, as it acts as a buffering 
agent in the 9–11 pH range. However, due to the high cost of high pure MgO/Mg(OH)2, a possible 
alternative to stabilize pH-dependent metal(loid)s from contaminated soils is the usage of MgO by-
products or low-grade MgO (LG-MgO), according to previous studies [22]. Adding the proper 
amount of LG-MgO obtains the optimal pH range, like in the case of pure magnesium (hydr)oxide, 
and an extra addition does not affect the pH value of the remediated soil, offering an alkali reservoir, 
assuring long-term stabilization without changing the pH conditions [1]. Accordingly, the addition 
of LG-MgO allows the in-situ remediation by means of the stabilization of pH-dependent metal(loid)s 
and it does not disrupt the environment or generate hazardous wastes. It is reported elsewhere [22] 
that the use of LG-MgO as an alkali stabilizer for the treatment of contaminated soils by metal(loid)s 
guarantees important rates of reduction of metal(loid)s, greater than 80 wt. %. Likewise, the addition 
of by-products or LG-MgO as a stabilizing source in the remediation of soils addresses two issues: 
(1) it becomes possible to reuse a by-product that follows the path towards sustainability, 
contributing to the principles of the circular economy, and (2) an environmental solution is attained 
by means of an environmentally friendly agent. 
Against the above background, the effectiveness of LG-MgO as a stabilizing agent in 
contaminated soils containing pH-dependent metal(loid)s can be established based on its reactivity 
and its behavior across the whole pH range [25]. Both chemical properties are directly related to their 
specific surface area and particle size distribution [26]. While the reactivity of magnesium (hydr)oxide 
is usually determined using the citric acid test (CAT), measuring the time needed to neutralize this 
weak acid [27], the acid neutralization capacity (ANC) test [28] allows measuring the buffering 
capacity and determines the ability to maintain a stable pH range. 
The goal of this study aims to evaluate the potential use of different LG-MgO by-product sources 
to be used as alkali stabilizers of heavy metals and metalloids in contaminated soil. For this purpose, 
their chemical and mineralogical composition as well as various physical properties were evaluated. 
Likewise, the ANC test was used as a tool to predict their effectiveness as stabilizing agents for 
remediation and their buffering capacity. Moreover, the remediation of polluted industrial soil by 
adding different proportions of different LG-MgO sources, as stabilizing agents, to obtain a 
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remediated soil was evaluated. When evaluating both polluted and decontaminated soils, the 
dynamic leaching tests batch leaching test (BLT) (EN-12457-4) and percolation column test (PCT) 
[29,30] are complementary procedures to study. Hence, the effectiveness of the different LG-MgO by-
products sources used as stabilizers mixed with the contaminated soil must be studied, evaluated, 
and compared. 
2. Materials and Methods  
2.1. Materials 
2.1.1. Contaminated Soil 
The contaminated soil (CONSO) sample was collected in the brownfield lands of an old 
company, about 40 km west of Barcelona (Spain), and engaged to the recycling of cathodes and 
anodes of the lead–acid batteries. During the recycling metallurgical processes, the wastes were 
indiscriminately disposed of in the surrounding lands, which included slag from lead and/or fine 
filtering powder. Because of the long-term deposition of wastes, these were exposed to atmospheric 
conditionings (e.g., rainfall) and the dissolved metal(loid)s were released, significantly affecting the 
soil over which they were discharged. The soil on which the wastes were deposited was formed by 
heteromeric clean sands and gravels, mainly constituted by silica matrix, i.e., feldspars and quartz, 
with the scant presence of slimes. Most of the CONSO area was fully covered by a variable thickness 
of the deposited roasting pyrite and other wastes generated during the metallurgical process. 
2.1.2. Low-Grade Magnesium Oxides 
Three types of low-grade magnesium oxides (LG-MgOs) were considered in this study, differing 
mainly in their particle size and Mg/Ca content. Samples of the three types of LG-MgO were supplied 
by Magnesitas Navarras S.A., located in Navarra (Spain). All the LG-MgO sources were generated 
during the calcination of natural magnesite in rotary kilns. The first source of LG-MgO under 
consideration corresponded to the fly particles collected in the fabric filters of the pollution control 
system of the exhaust gases generated when obtaining hard-burned caustic magnesia and sintered 
magnesia, at 1200 °C and 1600 °C, respectively. The dust material collected is named PC8 and it is 
classified as a by-product of the combustion process. The second LG-MgO considered, called 
MCB100, is caustic magnesia obtained during the calcination of natural magnesite in a rotary kiln at 
a temperature around 750-800 °C. At this temperature range, only magnesite (MgCO3) is thermally 
decarbonized, while dolomite (MgCa(CO3)2) and calcite (CaCO3) remain unchanged. The third LG-
MgO under study, MCB100M, is the product obtained after a grinding process of the MCB100. Both 
caustic magnesia (MCB100 and MCB100M) have the same bulk composition, although they show a 
great difference in the particle size. With these three types of LG-MgO, the magnesium content effect, 
the reactivity and the ANC of LG-MgO, and the buffered pH of the remediated soil (REMSO) were 
studied. 
Around 25 kg of each LG-MgO under study were taken from various stockpiles. Afterward, the 
CONSO stabilization was evaluated by adding different percentages of the three different LG-MgOs: 
0, 5, 10, and 15 wt.% in dry content. 
2.2. Methods 
The standard EN 932-1 was followed as a method for sampling and to select a representative 
sample of 2 kg of CONSO, which was quartered with a splitter. Afterward, it was sieved until it had 
a particle size below 10 mm. 
BLTs were performed to the CONSO to evaluate the metal(loid)s release, following the standard 
EN 12457-4. It consists of placing a solid in contact with deionized water in a liquid-solid (L/S) ratio 
of 10 L/kg during 24 h with continuous rotating agitation. An OVAN orbital shaker was used to 
perform the tests in high-density polyethylene (HDPE) containers. The acid neutralization capacity 
(ANC) test was also conducted according to standard [28] and following previous studies [25] by 
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adding nitric acid, with a concentration of 65% from labKem company. The sample was subjected to 
consecutive and ordered acid additions, in order to obtain a curve of pH vs hydronium (H3O+) per 
mass of solid. Different volumes of HNO3 (65 wt.%) were added to gradually decrease pH to 4.0. 
The different LG-MgO stabilizing agents under study (PC8, MCB100, and MCB100M) were 
characterized in order to explain their different characteristics and properties. Particle size 
distribution (PSD), X-ray fluorescence (XRF), X-ray diffraction (XRD), thermogravimetric analysis 
(TGA), citric acid test (CAT), specific surface (BET), bulk density, and ANC techniques were used to 
characterize the LG-MgO. A Beckman Coulter LS 13.320 device with the universal liquid module was 
used to evaluate the PSD in volume percentage of the three different LG-MgOs under study. To study 
the most stable oxides, XRF was used by means of a Panalytical Philips PW2400 X-ray sequential 
equipped with the software UniQuant® V5.0 spectrophotometer. XRD was performed to evaluate 
their crystallographic phases using a Bragg–Brentano Siemens D-500 powder diffractometer with 
CuKα radiation and processing the data by the X’Pert Highscore software. Manual pressing was used 
by means of a glass plate to get a flat surface, in cylindrical standard sample holders of 16 mm of 
diameter and 2.5 mm of height. The chemical constitution determination was conducted by means of 
TGA, and the procedure consisted of a heating rate of 10 °C·min–1 from 30 °C to 1200 °C in N2 
atmosphere (50 mL·min–1). In parallel, CATs were performed to the three different LG-MgOs to 
elucidate the reactivity of the LG-MgO samples until pH = 9.0 [25]. The CAT was done by reaching a 
neutralization reaction between the citric acid and the basic oxides of the LG-MgO samples such as 
MgO or CaO, where the time required to reach a certain pH was evaluated. Acid neutralization values 
of less than 60 s were used to define highly reactive (soft burnt) MgO. Medium reactive MgO gives a 
measure between 180 and 300 s, while a low reactivity MgO (hard-burnt) and a dead-burnt MgO give 
values greater than 600 s and 900 s respectively [27]. Specific surface area BET single point method 
was performed with a Micrometrics Tristar 3000 porosimeter. For the bulk density, a helium 
pycnometer was used. The last test performed to the different LG-MgO by-products under study was 
the ANC test to select the minimum percentage of LG-MgO required to reach the optimal pH for 
minimal metal(loid) release [22]. 
After studying both the CONSO and the different LG-MgO stabilizing agents, different 
formulations were prepared, adding and mixing to the contaminated soil 0, 5, 10, and 15 wt.% of LG-
MgO to obtain REMSO samples. The ANC test, the BLT, and the PCT were performed on the different 
REMSO samples. Regarding the ANC assay, it allows discerning the buffering capacity of the 
REMSO; that is, the acid resistance offered by REMSO depends on the different percentage of LG-
MgO added to CONSO. At a higher buffering capacity, the pH is more stable over a long range of 
acid additions [25]. Concerning the BLT, the same procedure was followed as for the CONSO 
samples, where two replicates were tested for each formulation. Finally, the PCT was performed on 
the REMSO following the standard CEN/TS 16637-3 [29]. If all the distilled water is considered to 
pass through the percolation column, an extrapolation of the time to real years can be performed 
(durability evaluation), considering the following parameters: (i) surface, (ii) thickness, (iii) average 
rainfall, (iv) percolation column volume, and (v) relation of 10 L·kg-1. The PCTs consisted of placing 
1 kg of dry soil with 5, 10, and 15 wt.% of LG-MgO in a cylindrical column and flooding it with 
deionized water. Then, the deionized water passed through from the bottom of the column to the top 
(bottom-up) with the help of a pump, set at 24 mL·h–1. Therefore, the ability of the different LG-MgO 
samples to give a pH in the range of minimum solubility of metal(loid)s after three weeks were 
studied.  
For both dynamic leaching trials performed, the BLT and the PCT, the leachates obtained were 
filtered through a 0.45 μm membrane of nitrocellulose, and two aliquots of each leaching condition 
were collected for further analysis by means of inductively coupled plasma mass spectrometry (ICP-
MS). Likewise, pH, conductivity (k), and Cr6+ of the leachates were also analyzed in order to compare 
the behavior of CONSO and REMSO. A Crison GLP 22 pH meter, a Crison EC-Meter 30+ conductivity 
meter, and an Aquamater Thermosprectronic spectrophotometer with a reagent kit to determine Cr6+ 
were used. 
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3. Results and Discussion 
3.1. Contaminated Soil Characterization 
The mean value results of CONSO BLTs following the EN 12457-4 standard are shown in Table 
1, where the values are determined per duplicate. The release of metal(loid)s was relevant, denoting 
hazardous values for As and Pb and non-hazardous values for Cd and Sb species. It is important to 
highlight that the rest of the elements remained below the inert limits. 
Table 1. Results of leaching concentration values in mg·kg–1 for the contaminated soil (CONSO) 
classified depending on the landfill threshold values. CONSO pH = 6.95 and k = 2.49 mS·cm–1. 
Metal(loid)s (mg·kg–1) CONSO 
Landfill Thresholds 
Inert Non-Hazardous Hazardous 
As 3.12 0.5 2 25 
Ba 0.14 20 100 300 
Bi 0.01 - - - 
Cd 2.78 0.04 1 5 
Co < 0.03 - - - 
total Cr  < 0.10 0.5 10 70 
Cr6+ < 0.20 - - - 
Cu 0.36 2 50 100 
Hg < 0.01 0.01 0.2 2 
Mo < 0.01 0.5 10 30 
Ni 0.28 0.4 10 40 
Pb 137.7 0.5 10 50 
Sb 2.10 0.06 0.7 5 
Sn 0.05 - - - 
V < 0.05 - - - 
Zn 2.37 4 50 200 
According to the results obtained for the ANC test, the pH decreases with small acid quantities, 
which reveals a lack of buffering capacity in CONSO, as Figure 1 shows. The natural pH of the 
polluted soil started at pH around 7.0 and after adding a very little amount of HNO3 1M the pH 
dropped down. Then, the remediation of CONSO using LG-MgO as an alkaline stabilizing agent was 
evident due to (i) the natural pH obtained (6.95), (ii) the low buffering capacity showed in Figure 1, 
and (iii) the release of metal(loid)s shown in Table 1. 
 
Figure 1. Acid neutralization capacity (ANC) test results for the CONSO. 
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3.2. LG-MgO Characterization 
The PSD in volume percentage for each LG-MgO sample under study is presented in Table 2. 
Accordingly, the sample which presented the coarse size was MCB100. Meanwhile, PC8 and 
MCB100M samples presented similar values (same magnitude) for most of the percentages. 
Table 2. Particle size in volume percentage of the different low-grade magnesium oxides (LG-
MgOs) under study. 
LG-MgO 
μm 
d10 d25 d50 d75 d90 
PC8 1.68 6.99 21.09 41.55 87.57 
MCB100 102.10 168.00 279.80 445.60 764.70 
MCB100M 1.18 5.41 14.42 28.09 103.20 
Notes: dx: corresponding to the percentages 10%, 25%, 50%, 75%, and 90% of particles under the 
reported particle size (μm). 
XRF results for the different LG-MgOs under study are shown in Table 3. The samples with a 
higher content of MgO were MCB100 and MCB100M; meanwhile, PC8 presented higher values of 
CaO, SO3, and loss on ignition (LOI) than MCB100 and MCB100M because this by-product was 
obtained as cyclone dust in the rotary kiln, and there are mineral phases that do not decompose 
during the calcination process, among the acid gases from the decomposition that react with alkaline 
particles, which explains the higher content of SO3 determined by XRF [31]. It can be detected that all 
the samples under study contained a small percentage of Al and Fe and about 3 wt.% of SiO2. 
Table 3. X-ray fluorescence (XRF) results from the three LG-MgO samples. 
Oxides (%) PC8 MCB100 MCB100M 
MgO 61.72 83.63 84.31 
CaO 9.32 3.25 3.03 
SiO2 2.70 3.04 2.72 
Fe2O3 2.43 2.94 2.88 
Al2O3 0.55 0.71 0.62 
SO3 6.55 0.29 0.17 
LOI Loss on Ignition (1050 °C) 
 16.73 6.14 6.27 
XRD analysis was conducted for each LG-MgO sample. As expected, magnesium was present 
mainly as periclase (MgO) in all LG-MgO samples used as stabilizing agents. In addition to periclase, 
dolomite (CaMg(CO)2), quartz (SiO2), anhydrite (CaSO4), brucite (Mg(OH)2), calcite (CaCO3), and 
magnesite (MgCO3) were also determined as main mineralogical phases in the PC8 sample. 
Regarding MCB100 and MCB100M (both have the same nature), in addition to periclase, magnesite 
(MgCO3), quartz (SiO2), brucite (Mg(OH)2), dolomite (MgCa(CO3)2), calcite (CaCO3), and anhydrite 
(CaSO4) were also determined as main mineralogical phases. 
MCB100 and PC8 samples were analyzed by TGA to estimate the percentage of the 
aforementioned mineralogical phases. Moreover, TGA results were compared with those XRF results. 
The TGA experiment results and the corresponding derivative weight are shown in Figure 2, where 
blue and black lines are referred to as PC8 and MCB100 in the manuscript online version, 
respectively. 
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Figure 2. (a) Thermogravimetric analysis (TGA) experiment in N2 atmosphere and (b) the 
corresponding derivative of weight of MCB100 (black line in online version) and PC8 (blue line in 
online version). 
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in the samples was conducted (for instance in the case of PC8: 8.2 wt.% of CaMg(CO3)2 implies a 1.8 
wt.% of MgO in XRF, 2.5 wt.% of CaO in XRF, and 3.9 wt.% of CO2 or LOI in XRF). Therefore, Table 
5 summarizes the most relevant compounds in the samples under study. From the knowledge of the 
authors and considering the XRD phases detected, it would be concluded that the MgO amount was 
around 50% for PC8 and 80% in the case of MCB100 and MCB100M. 
Table 4. Compound assigned by means of the temperature at the maximum rate of decomposition 
and weight percentage loss. 
Compound 
MCB100 PC8 
Tmax (°C) Weight Loss (%) Tmax (°C) Weight Loss (%) 
Humidity (H2O) 59.8 0.9 103.4 2.6 
CaSO4·2H2O 167.1 1.0 - - 
Mg(OH)2 312.4 1.1 368.8 2.3 
MgCO3 608.5 1.7 587.5 7.7 
CaMg(CO3)2 706.9 2.5 698.0 3.9 
CaCO3 - - 932.0 4.2 
CaSO4 1106.3 0.7 above 1200.0 > 1.9 
Table 5. Estimation of MCB100 and PC8 composition. 
Compound 
Weight (%) 
MCB100 PC8 
MgO 78.5 47.7 
MgCO3 3.3 14.8 
CaCO3 0.0 9.6 
CaMg(CO3)2 5.2 8.2 
Mg(OH)2 3.6 7.5 
CaSO4 1.2 3.2 
H2O (humidity) 0.9 2.6 
CaO 1.2 0.2 
Others 6.1 6.2 
BET and the bulk density results as well as the CAT assay results are in Table 6. According to 
the required time (s) to reach pH 9.0 (CAT), the reactivity of each LG-MgO was classified as follows: 
MCB100 is classified as medium reactive MgO, MCB100M as soft-burnt MgO (highly reactive), and 
PC8 is classified as dead-burnt MgO. The difference in the CAT results between both MCB100 
samples should be attributed to the particle size distribution. Moreover, the greater the specific 
surface, the greater the reactivity. 
Table 6. BET, bulk density, and citric acid test (CAT) results for LG-MgO samples. 
LG-MgO BET (m2·g–1) Bulk Density (g·cm–3) CAT Time at pH = 9 (s) 
PC8 5.25 ± 0.04 2,8621 ± 0,0005 1320 
MCB100 14.81 ± 0.08 3,0984 ± 0,0005 460 
MCB100M 49.69 ± 0.09 3,2467 ± 0,0003 60 
Some of the alkali species contained in the LG-MgO upon contact with water would establish a 
solubility equilibrium resulting in their corresponding hydroxide. Thus, depending on the type of 
LG-MgO, the composition of the oxides could vary as well as their mineralogical phases, affecting 
the ANC curves results. In order to explain these pieces of evidence, three phases of the ANC curves 
and the equilibrium established in each of the samples are described [25]. The different ANC curves 
for the three types of LG-MgO under study are shown in Figure 3 and, for all the samples under 
study, the first phase was considered in a pH range between 12 and 10.5, the second phase was 
identified by a pH stabilization between 10.5 and 8.5 in a wide range of acid additions, and finally, 
the third phase was considered from 8.5 < pH < 4. 
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Figure 3. LG-MgO ANC results. 
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samples did not affect the remediation of CONSO, and scarcely influence in the ANC curve since 
these last oxides remained inert and virtually unchanged in their precipitated form during the 
stabilization process. In the light of these results, MCB100M, MCB100, and PC8 exhibit proper ANC, 
since it was 18.14, 15.98, and 13.86 mol H+·kg-1, respectively, in order to exceed the range of pH 10.5–
8.5. Then, as a conclusion for the ANC assay for the LG-MgO samples, when MgO and specific surface 
of particles increase, the ANC and buffering capacity per unit mass of the stabilizing agent increase, 
as well. However, together with a high ANC value, it is also necessary to establish a reservoir of the 
alkali to guarantee a pH buffering capacity in the optimum range over a long period. In this regard, 
LG-MgO with very low reactivity (e.g. PC8), would be required to maintain the optimal conditions 
over time. In addition, it must be considered that PC8 is cheaper than MCB100M. Consequently, PC8 
and MCB100M were selected as optimum LG-MgOs to stabilize the contaminated soil, due to the cost 
and because of the reactivity, respectively. PC8 is five to six times cheaper than MCB100M. 
3.3. Remediation of the Contaminated Soil 
The ANC comparative results after the remediation of the contaminated soil (REMSO) are 
shown in Figure 4. As expected, it is observed that the buffering capacity of MCB100M used as the 
stabilizing agent was higher than PC8, because MCB100M contains a higher percentage of MgO 
(Table 5) and also showed higher ANC per unit mass of stabilizing agent added (Figure 3), which 
provide a greater reservoir of alkaline stabilizer. Consequently, in the pH range of minimum 
solubility of metal(loid)s (pH ≈ 8.5–10.0), MCB100M acquired higher buffering capacity than PC8. 
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Increasing the addition of the stabilizing agent (PC8 or MCB100M) also increases the reservoir of 
alkali and the neutralizing capacity of the remediated soil. 
 
Figure 4. ANC results for the remediated soil (REMSO) with 0, 5, 10, and 15 wt.% of MCB100M and 
PC8. 
It is well-known that both redox potential and pH deeply affect and interfere with the heavy 
metal solubility in soil. In this case, the pH effect was more significant than that of redox potential. 
Therefore, this study focused on the pH-dependent evaluation. The pH-dependent metal adsorption 
reaction and the pH between 9 and 11 were the mechanisms to control the release of heavy metals 
from the soil. Table 7 shows the REMSO BLT EN 12457-4 mean results, determined per duplicate. It 
can be denoted that all LG-MgOs achieved the minimum concentration of metal(loid)s, considering 
the threshold landfill legislation (Table 1). The potential release of As and Sb diminished when the 
pH of the medium increased, showing a pH-dependent behavior of both metal(loid)s, which mainly 
denoted the presence of trivalent As and Sb mineral species into CONSO. In these cases, the decrease 
in pH-dependent metalloids is mainly due to the formation of their corresponding insoluble 
hydroxides. As(III) and Sb(III) present the minimum solubility forming their corresponding 
hydroxide when pH is in the alkaline region and high pH (pH < 11 for As(III) and pH < 12 for Sb(III)). 
As(III) and Sb(III) hydroxides present lower solubility than AsO43–, SbO3–, and Sb(OH)6–, which are 
soluble. The presence of calcium in the stabilizers helps the formation of calcium arsenates and 
calcium antimony with low solubility. The same argument justified the leaching decrease for most of 
the pH-dependent heavy metals. The concentration decrease observed in Cd and Zn was noticeable—
greater than 95% in both cases. Surprisingly, the decrease in Pb concentration was lower than 
expected, compared to previous work [22]. Unexpectedly, the minimum solubility was obtained at 
pH around 8.5, by adding the minimum amount of either LG-MgO used as a stabilizing agent. By 
increasing the addition of LG-MgO and increasing the pH of the medium, the total Pb concentration 
released increased as well. At pH close to 10.5, where minimal solubility would be expected if the Pb 
concentration was controlled by the solubility of lead hydroxide, the lead released was roughly equal 
to that of the non-stabilized soil. No significant differences were found when using either of the two 
LG-MgOs studied. This can be attributed to the content of lead sulfate (anglesite) in the polluted soil. 
This lead compound is found in large quantities in the spent lead–acid batteries [33]. In this scenario, 
as indicated by Visual MINTEQ (v. 3.0/3.1) geochemical modeling software version 3.1, the Pb 
concentration is controlled by the solubility of lead sulfate. In this case, the concentration of the 
chemical species Pb(SO4)2–2 (aq) increases by increasing the pH of the medium. 
Even with the high amount of Pb contained in CONSO, both LG-MgOs succeeded in reducing 
around 70% the leaching content of Pb with 5 wt.% LG-MgO. Then, all values were below the inert 
or non-hazardous threshold landfill classification, except for Pb where its concentration is above the 
0
2
4
6
8
10
12
0 1 2 3 4 5 6 7
pH
buffering capacity (mol H+·kg-1)
0 % LG-MgO
5 % MCB100M
10 % MCB100M
15 % MCB100M
5 % PC8
10 % PC8
15 % PC8
Sustainability 2020, 12, 7340 11 of 16 
limits for non-hazardous waste. Thus, according to the BLT EN 12457-4, the optimal percentage for 
both LG-MgO was 5 wt.%. 
Although the behavior of both LG-MgOs was very similar in the BLTs, the column test was 
tested only with PC8 as a stabilizing agent. The main reason is because of the by-products price, 
where PC8 is five to six times cheaper than MCB100M. Then, the PCTs (CEN/TS 16637-3) were carried 
out by using CONSO mixed with 5, 10, and 15 wt.% of PC8, separately. Results per duplicate are 
shown in Table 8 and, in general, increasing the percentage of PC8 increases the pH value in all the 
eluates (Es). Unlike the BLT, when adding 5 wt.% of PC8, the pH value of eluates decreases 
progressively as the L/S ratio of 10 L/kg increases. The first five eluates were within the range of 
minimum solubility of pH-dependent metal(oids)s (pH 8.5–10.5), but upon eluate number 6 (E6), the 
pH value decreased until 7.60 for E7 (eluate number 7). This decrease in pH value is due to the low 
reactivity of PC8 (as shown in Figure 4) and the consumption of the MgO contained in this LG-MgO 
(Table 5). On the other hand, when adding 10 and 15 wt.% of PC8, the pH value increased during the 
first four eluates (E1-E4) until a value of 10.1 for 10 wt.% of PC8 and around 10.4 for 15 wt.% of PC8. 
After the E4, the pH values obtained in E7 decreased until a pH of 8.46 adding 10 wt.% of PC8 and 
9.39 adding 15 wt.% of PC8. Taking into account the pH values of the last fraction number (E7), with 
an L/S ratio of 10 L/kg, the minimum percentage needed to maintain the pH in the range of minimum 
solubility of pH-dependent metal(loid)s was 15 wt.% of PC8 into the CONSO to obtain a proper 
REMSO, as LG-MgO acts as a buffering agent in the 9–11 pH range. Below and above this pH range, 
the pH-dependent metal(loid)s increase their mobility, and they may be re-dissolved and released 
into the aqueous media. 
When comparing the BLT with the PCT using PC8 as a stabilizing agent, the pH values in the 
batch analysis were 8.54, 9.40, and 9.90, from 5, 10, and 15 wt.% of PC8, respectively. In contrast, for 
the same L/S ratio, the pH values of E7 for 5, 10, and 15 wt.% of PC8 were 7.60, 8.46, and 9.39, 
respectively. This fact can be justified by the low reactivity of PC8, which requires longer reaction 
times, or more vigorous conditions (i.e., BLT conditions) to achieve the equilibrium of solubility. 
Therefore, although the solid-liquid (S/L) ratio for both leaching tests were 1/10, the obtained results 
following both procedures did not coincide. Thus, while the BLT evaluates the maximum leaching 
potential of the pollutants (i.e., heavy metals and metalloids), the PCT evaluates the behavior of the 
remediated soil over a long period of time. In this case, the use of a higher percentage of PC8 ensures 
a higher reservoir of stabilizing agents and optimal pH conditions over a long period of time. Again, 
with the addition of 15 wt.% of PC8 and although all eluates (E1-E7) showed a pH value within the 
optimal stabilization range, the concentration of Pb was above the threshold set for hazardous waste, 
very high for the first L/S ratios. This fact must be justified by the presence of lead sulfate in the 
polluted soil, which controls the solubility of this heavy metal. As mentioned above, the 
contaminated soil was in lands which included slag from lead and/or fine filtering powder. This is 
the main reason for the high concentration of Pb in the first eluates (E1–E4). The rest of the pH-
dependent heavy metals and metalloids showed concentrations in all eluates below the threshold set 
established for non-hazardous wastes, with most of these below limits for inert waste.
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Table 7. Results of batch leaching test after the remediations. 
Heavy Metals (mg·kg−1) 
 MCB100M PC8 Threshold Landfill Legislation 
CONSO 5 wt.% 10 wt.% 15 wt.% 5 wt.% 10 wt.% 15 wt.% Inert Non-hazardous Hazardous 
pH 6.95 8.70 10.40 10.52 8.54 9.40 9.91    
k (mS·cm-1) 2.49 6.20 7.96 7.91 5.12 9.40 8.28    
As 3.120 < 0.025 < 0.025 < 0.025 < 0.025 < 0.025 < 0.025 0.5 2 25 
Ba 0.142 0.100 0.040 0.198 0.429 0.269 0.133 20 100 300 
Bi 0.010 < 0.005 < 0.005 < 0.005 < 0.005 < 0.005 < 0.005 - - - 
Cd 2.778 0.100 < 0.003 < 0.003 0.056 0.005 < 0.003 0.04 1 5 
Co < 0.030 < 0.010 < 0.010 < 0.015 < 0.018 < 0.018 < 0.015 - - - 
total Cr < 0.200 < 0.200 < 0.200 < 0.200 < 0.200 < 0.200 < 0.200 0.5 10 70 
Cr6+ < 0.200 < 0.200 < 0.200 < 0.200 < 0.200 < 0.200 < 0.200 - - - 
Cu 0.364 0.100 0.155 0.156 0.080 0.106 0.136 2 50 100 
Hg < 0.010 < 0.010 < 0.010 < 0.010 < 0.010 < 0.010 < 0.010 0.01 0.2 2 
Mo < 0.005 < 0.005 0.013 0.010 < 0.005 < 0.005 0.021 0.5 10 30 
Ni 0.278 0.380 < 0.353 < 0.353 < 0.378 < 0.412 < 0.353 0.4 10 40 
Pb 137.7 42.7 78.0 141.3 56.4 62.6 142.6 0.5 10 50 
Sb 2.101 0.010 0.029 0.040 0.006 0.009 0.009 0.060 0.7 5 
Sn 0.050 < 0.010 < 0.010 < 0.010 < 0.010 < 0.010 < 0.010 - - - 
V < 0.050 < 0.050 < 0.050 < 0.050 < 0.050 < 0.050 < 0.050 - - - 
Zn 2.370 < 0.100 < 0.100 0.116 < 0.100 < 0.100 0.241 4 50 200 
Table 8. pH, k, metal(loid)s, and Cr6+ results of the percolation column tests of the REMSO with 5 wt.%, 10 wt.%, and 15 wt.% of PC8. 
PC8 
Fraction 
Number 
L/S 
pH 
k 
(mS·cm-1) 
mg·kg-1 
As Ba Bi Cd Co total Cr Cr6+ Cu Hg Mn Mo Ni Pb Sb Se Sn Zn 
5  
wt.% 
E1: 0.1 9.60 29.30 < 0.05 1.02 < 0.05 0.110 < 0.05 < 1.50 < 0.20 5.83 < 0.10 < 0.05 0.06 0.27 998.9 < 0.05 12.52 < 0.25 < 2.50 
E2: 0.2 9.50 34.00 < 0.05 1.32 < 0.05 0.070 < 0.05 < 1.50 < 0.20 1.66 < 0.10 < 0.05 0.05 0.24 1711.1 < 0.05 16.34 < 0.25 < 2.50 
E3: 0.5 9.41 27.30 < 0.05 < 0.05 < 0.05 0.050 < 0.05 < 1.50 < 0.20 1.24 < 0.10 < 0.05 < 0.05 0.26 36.4 < 0.05 11.14 < 0.25 < 2.50 
E4: 1 9.21 19.34 < 0.05 0.06 < 0.05 0.040 < 0.05 < 1.50 < 0.20 0.72 < 0.10 < 0.05 < 0.05 0.30 47.9 < 0.05 5.95 < 0.25 < 2.50 
E5: 2 9.12 10.26 0.01 0.07 < 0.01 0.037 0.006 < 0.30 < 0.20 0.80 < 0.02 < 0.01 < 0.01 0.30 41.9 0.03 7.19 < 0.05 0.37 
E6: 5 7.63 6.70 < 0.01 0.02 < 0.01 0.028 0.006 < 0.30 < 0.20 0.35 < 0.02 < 0.01 < 0.01 0.27 28.9 0.02 2.92 < 0.05 < 0.50 
E7: 10 7.60 4.93 < 0.01 0.29 < 0.01 0.024 0.005 < 0.30 < 0.20 0.16 < 0.02 < 0.01 < 0.01 0.25 39.2 < 0.01 1.55 < 0.05 < 0.50 
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10 
wt.% 
E1: 0.1 9.80 34.30 0.07 0.78 < 0.05 0.070 < 0.05 < 1.50 < 0.20 1.27 < 0.10 < 0.05 0.07 0.48 2500.2 0.07 15.87 < 0.25 < 2.50 
E2: 0.2 9.88 35.00 0.06 < 0.05 < 0.05 0.060 < 0.05 < 1.50 < 0.20 0.95 < 0.10 < 0.05 0.07 0.49 71.2 0.09 16.64 < 0.25 < 2.50 
E3: 0.5 10.04 27.30 < 0.05 < 0.05 < 0.05 0.030 < 0.05 < 1.50 < 0.20 0.84 < 0.10 < 0.05 < 0.05 0.46 42.1 <0.05 12.14 < 0.25 < 2.50 
E4: 1 10.10 14.00 < 0.05 < 0.05 < 0.05 < 0.025 < 0.05 < 1.50 < 0.20 0.23 < 0.10 < 0.05 < 0.05 0.30 47.7 <0.05 3.33 < 0.25 < 2.50 
E5: 2 9.81 6.91 < 0.01 0.08 < 0.01 < 0.005 0.006 < 0.30 < 0.20 0.17 < 0.02 < 0.01 < 0.01 0.26 69.2 0.03 2.40 < 0.05 < 0.50 
E6: 5 8.54 6.22 < 0.01 0.33 < 0.01 0.006 0.005 < 0.30 < 0.20 0.09 < 0.02 < 0.01 < 0.01 0.23 22.5 0.02 1.31 < 0.05 < 0.50 
E7: 10 8.46 4.38 < 0.01 0.53 < 0.01 < 0.005 0.005 < 0.30 < 0.20 0.07 < 0.02 < 0.01 < 0.01 0.21 26.8 0.01 0.66 < 0.05 < 0.50 
15 
wt.% 
E1: 0.1 10.04 41.50 0.62 0.08 < 0.05 0.090 < 0.05 < 1.50 < 0.20 1.68 < 0.10 0.39 0.11 0.63 82.9 0.20 18.45 < 0.25 < 2.50 
E2: 0.2 10.20 38.30 0.06 < 0.05 < 0.05 0.070 < 0.05 < 1.50 < 0.20 0.93 < 0.10 < 0.05 0.09 0.55 225.4 0.15 16.32 < 0.25 < 2.50 
E3: 0.5 10.14 29.90 < 0.05 < 0.05 < 0.05 0.040 < 0.05 < 1.50 < 0.20 0.57 < 0.10 < 0.05 0.05 0.49 40.1 0.14 11.39 < 0.25 < 2.50 
E4: 1 10.37 9.85 < 0.05 < 0.05 < 0.05 < 0.025 < 0.05 < 1.50 < 0.20 0.26 < 0.10 < 0.05 < 0.05 0.36 34.1 0.08 5.17 < 0.25 < 2.50 
E5: 2 9.90 9.90 0.01 < 0.01 < 0.01 < 0.005 0.008 < 0.30 < 0.20 0.19 < 0.02 < 0.01 < 0.01 0.33 34.3 0.07 3.65 < 0.05 < 0.50 
E6: 5 9.50 5.60 < 0.01 0.05 < 0.01 < 0.005 0.006 < 0.30 < 0.20 0.07 < 0.02 < 0.01 < 0.01 0.25 33.5 0.07 1.19 < 0.05 < 0.50 
E7: 10 9.39 3.36 < 0.01 0.40 < 0.01 < 0.005 0.005 < 0.30 < 0.20 0.04 < 0.02 < 0.01 < 0.01 0.21 33.2 0.04 0.48 < 0.05 < 0.50 
Limits 
Inert 0.5 20 - 0.04 - 0.5 - 2 0.01 - 0.5 0.4 0.5 0.06 - - 4 
Non-hazardous 2 100 - 1 - 10 - 50 0.2 - 10 10 10 0.7 - - 50 
Hazardous 25 300 - 5 - 70 - 100 2 - 30 40 50 5 - - 200 
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4. Conclusions 
A heavily contaminated soil was remediated by using different types of LG-MgO (MCB100M, 
MCB100, and PC8), which differ from each other by their MgO content, particle size, and reactivity. 
As the reactivity and the amount of MgO increases, the acid neutralization capacity (ANC) increases, 
as well. 
Of the three LG-MgOs tested as stabilizing agents, the MCB100M showed the highest reactivity, 
being classified as a soft-burnt according to the CAT, and the highest ANC. However, the by-product 
of magnesium PC8, even having the lowest content in MgO, has a good ANC and a lower reactivity 
(dead-burnt), being the most economical of the three LG-MgOs tested and can be used as it is 
produced and without the need for milling, which are very decisive factors for its use as a stabilizing 
agent for contaminated soils. Consequently, PC8 and MCB100M were the selected LG-MgOs to carry 
out the remediation tests of the polluted soil. 
For both tested LG-MgOs, the EN 12457-4 BLT showed that only 5 wt.% of a stabilizing agent 
was required for the concentration of heavy metals and metalloids to be below the threshold set for 
their classification as non-hazardous waste; most of which were lower than limits for inert waste. 
With these small amounts of LG-MgO added, the stabilized soil pH only reached values around 8.5, 
which are in the lower range of the interval pHs established as optimal for the stabilized 
contaminated soils. In addition, only a small reservoir of alkali is added, which does not guarantee 
optimal pH conditions over a long time. 
Only lead showed concentrations in leachate above the threshold for hazardous waste. In this 
case, the lead concentration increased as a greater amount of LG-MgO was added and the pH of the 
medium increased. This is due to the presence of significant amounts of lead sulfate in the 
contaminated soil, coming from the spent lead–acid batteries, which controlled the solubility of this 
heavy metal, unlike the rest of pH-dependent metal(loid)s whose solubility is controlled by the 
formation of the corresponding metal hydroxide. 
Finally, the PCT determined that the minimum percentage needed to maintain the pH in the 
range of minimum solubility of heavy metals and metalloids was 15 wt.% of PC8. The addition of 
higher percentages of PC8 ensures a higher reservoir of stabilizing agent and optimal pH conditions 
over a long period. Although results of the BLT and those regarding the PCT did not coincide, both 
leaching tests are complementary to study the behavior of contaminated soils. 
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